In most species examined to date, spermatozoa mature during transit through the epididymis to become functionally competent to swim progressively, fertilize oocytes, and produce viable offspring. In the studies presented here, the status of spermatozoa obtained from the regions of the epididymis of the cynomolgus monkey (Macaca fascicularis) was examined. Epididymal fluid was collected by microaspiration from the caput, corpus, and cauda regions. The spermatozoa obtained were evaluated for morphology, motion parameters, and tight zona pellucida binding and were compared to spermatozoa collected by electroejaculation. Epididymal and ejaculated sperm differed morphologically only in the location of the cytoplasmic droplet. Motile sperm recovered by swim-up procedure exhibited a significantly higher proportion of sperm with more distal cytoplasmic droplets than the original aspirated samples (p < 0.02). Poor duration of movement was most noticeable for corpus spermatozoa, and to a lesser degree for cauda spermatozoa, when the motion parameters of velocity, linearity, and amplitude of the lateral head were examined. Zona pellucida binding was decreased only for sperm microaspirated from the caput region; sperm obtained from the corpus and cauda regions bound comparably to those collected via electroejaculation. These results suggest that by the time cynomolgus sperm reach the corpus region of the epididymis, they are functionally competent for tight zona binding. However, these nonhuman primate sperm may not complete the metabolic changes requisite for sustained sperm motility until reaching the most distal regions of the epididymis.
INTRODUCTION
The epididymis is much more than a conduit for transporting spermatozoa or a storage site prior to ejaculation; this portion of the post-testicular excurrent system is believed to play an active role in the final maturation of spermatozoa. Only during transit through the epididymis do spermatozoa become fully functional, acquiring the abilities to swim progressively, fertilize oocytes, and produce viable offspring [1, 2] . The majority of information to date has been obtained from studies of epididymal maturation in the rabbit [1, 2] and the rat [3] [4] [5] , with fewer studies evaluating the maturational events in man [6, 7] and monkey [8, 9] . Ethical constraints often preclude the pursuit of many basic questions in the human. Nonhuman primates, having many close phylogenetic relationships to man, provide unique opportunities to study gamete physiology in ways not ethically acceptable for exploration in humans.
The objective of the present study was to determine the functional status and morphological features of spermatozoa obtained from various regions of the epididymis of the cynomolgus monkey (Macacafascicularis). Epididymal fluid was collected by microaspiration in a procedure compaAccepted October 27, 1992. Received May 22, 1992 . 'Presented in part at the 17th annual meeting of the American Society of Andrology, March 27-30, 1992 , Bethesda, Maryland. Partially supported by a grant from the Mellon Foundation (G.D.H.). rable to the method used to collect human spermatozoa for assisted reproductive procedures [10] . Spermatozoa from the caput, corpus, and cauda were evaluated for morphology, sperm motion parameters, and tight zona pellucida binding interaction.
MATERIALS AND METHODS

Animals
Five adult male cynomolgus monkeys (Macaca fascicularis) weighing 5-8 kg were utilized in the present study. Monkeys were housed in individual cages with a room temperature of 22°C and 12 h light/day and fed on a diet of commercially available monkey chow and water ad libitum. Serum testosterone levels were determined for each monkey prior to inclusion in this study. Before the studies began, protocols were approved by the Animal Care and Use Committee of Eastern Virginia Medical School.
Microaspiration of Spermatozoa
To obtain epididymal spermatozoa, each monkey was anesthetized with ketamine-HCl (20 mg/kg)/xylazine (1 mg/ kg). Microaspiration techniques were employed to obtain spermatozoa from the proximal caput, corpus, and cauda regions of the epididymis according to the technique described by Silber et al. [10] . Scrotal contents were extruded through a small opening in the tunica vaginalis. Under 20x magnification, a small incision was made with microscissors into the epididymal tunic. Once individual tubules were visible, a small incision was made into each tubule and the epididymal fluid was aspirated into a 1-ml tuberculin syringe attached to a 30-gauge needle containing 0.1 ml Ham's F-10 medium supplemented with 5% BSA. Immediately after assessment of the fluid from each region for the presence of spermatozoa, the aspirates were transferred to sterile culture tubes for further evaluation.
In addition to the comparison of spermatozoal characteristics from the three regions of the epididymis, another control was provided by spermatozoa collected via rectal electroejaculation (ejaculated sperm). A semen specimen was collected 7 days before surgery for each animal and treated in a manner similar to that for sperm retrieved from the epididymis.
Sperm Preparation
Immediately after microaspiration was completed, spermatozoa from each region were prepared for various functional assessments including sperm motion parameters, sperm-zona pellucida interaction, and morphology, according to previously reported techniques [11, 12] . Sperm were diluted into 1 ml of Ham's F-10 medium with 5% BSA and centrifuged at 270 x g for 7 min. The supernatant was removed and 0.3 ml of supplemented medium was overlaid onto the pellet. After a 1-h swim-up procedure at room temperature, the motile fraction was collected and assessed both with and without the use of computer-assisted motion analysis. The concentration was adjusted depending upon the functional assessment to be made. Because sperm from the caput region were nonmotile, the entire pellet was resuspended in medium. Therefore, care was taken during the surgery to obtain spermatozoa that were free of red blood cell contamination.
Sperm Morphology
Sperm from each region of the epididymis were assessed morphologically by means of the commercially available Diff-Quik staining kit (Baxter Scientific, McGraw Park, IL) in use for human spermatozoa [13] . A 10-pI aliquot of epididymal microaspirates was used to prepare smears on microscope slides. Slides were air-dried at room temperature and fixed with Diff-Quik fixative (1.8 mg/ml triarylmethane methyl alcohol). The slides were next stained first with solution 1 (1 g/ml xanthene in sodium azide-preserved buffer) for 30 sec and then with solution 2 (0.625 g/L azure A and 0.625 g/L methylene blue in buffer) for 15 sec. For each monkey, at least 100 sperm from each region of the epididymis were evaluated. Ejaculated sperm were assessed in a similar manner.
Sperm Motion Assessment
For epididymal spermatozoa from 5 monkeys, assessment was made immediately after aspiration (pre-swim-up), at the end of the swim-up procedure (0-h swim-up), and after a 4-h incubation (4-h swim-up) at 37°C and 5% CO 2 in air. This time frame was chosen to mimic the conditions that sperm underwent from their interaction with homologous zona pellucida in the hemizona assay [14] . At the preswim-up time point, ejaculated sperm would not have been removed completely from the seminal plasma. Therefore, comparisons between sperm obtained from the epididymal regions and electroejaculated sperm were made at 0-h and 4-h swim-up and not at pre-swim-up.
A visual assessment of the percent motility was made on each group at the end of the swim-up procedure. At least 100 sperm were counted in each wet preparation on a microscope slide and were placed in one of four categories: nonmotile (exhibiting no movement); twitching (exhibiting slight movement of the tail or head region); circular movement; or forward progression. Only the latter two groups were considered progressively motile.
Sperm motion was also evaluated with the HTM-2000 Motion Analyzer (Hamilton Thorn Research, Danvers, MA) as described previously for human sperm [15] and modified for the assessment of cynomolgus monkey sperm. The changes in the settings took into account the increase in velocity observed in monkey sperm as compared to human spermatozoa. All sperm samples were equilibrated to and assessed at 37 0 C to allow for standardization among the different time points (pre-swim-up, 0-h swim-up, and 4-h swimup) examined for ejaculated and epididymal sperm. The pertinent settings used during the HTM assessment were analysis duration = 0.67 sec (20 frames); minimum contrast = 2; minimum size = 2; "slow cells" were accepted as motile (slow gate 5 pxm/sec); low size gate = 0.3; high size gate = 1.8; low intensity gate = 0.3; high intensity gate = 1.8. At the outset of each experiment, we verified that the settings permitted accurate differentiation of motile sperm versus nonmotile sperm or debris by utilizing the "playback" option. During playback, the motions of sperm in the previous field were replayed: a red dot was located over the head of all motile sperm for each frame and a blue dot over the head of nonmotile spermatozoa. When errors were detected, the settings were adjusted until the problem was corrected. Using the computerized motion analysis, the following motion parameters were compared among the different sperm groups: % motility, curvilinear velocity or track speed (VCL; the velocity derived from all 20 head positions); progressive velocity (VSL; the velocity based on the first and last head positions only); maximal lateral head displacement (ALH; a measure of the side-to-side movement of the head); and linearity (VSL/VCL; a measure of the straightness of the trajectory).
Sperm-Zona Pellucida Interaction
For assessment of sperm-zona binding, the hemizona assay has been described in detail in the human [16] and in the monkey model [11, 14] . Briefly, monkey oocytes were obtained from excised ovarian tissue and were stored until use at 4 0 C in a solution of 1.5 M magnesium chloride with 0.1% polyvinylpyrrolidone (Mr 36 000) and 40 mM HEPES to stabilize the pH at 7.4 [17] [18] [19] .
One day before use, the salt-stored oocytes were rinsed thoroughly in Biggers, Whitten and Whittingham (BWW) medium supplemented with 3.5% BSA [20] . The oocytes were cut into matching halves using Narishige micromanipulators (Narishige, Tokyo, Japan). The ooplasm was removed by pipetting each hemizona through a finely-pulled pipette. Each hemizona pair was stored overnight at 4C in a droplet of medium under mineral oil.
The motile fraction of sperm collected by swim-up was adjusted to 5 x 105 motile sperm/mi. One hemizona of a pair was added to a 100-1 droplet of processed ejaculated sperm. The other hemizona was placed in a droplet of medium under oil at 4°C for 1 wk. In preliminary experiments, no loss of sperm binding capacity was observed under these storage conditions. The day of the epididymal microaspiration, the matching (stored) hemizona of each pair was added to a droplet of either caput, corpus, or cauda sperm.
In a second experiment, binding capabilities of caput or corpus sperm were compared to those of cauda sperm microaspirated from 3 monkeys. One hemizona of a pair was placed in a droplet of either caput or corpus sperm, while the control hemizona of the pair was incubated with sperm obtained from the cauda region of the epididymis (at the same time). In addition to comparison of the zona-binding capacity of caput and corpus sperm to that of cauda sperm, another variable was evaluated. To assess whether lack of motility was a factor in the first set of zona-binding experiments, the coincubation of epididymal sperm with the hemizona was also completed with vigorous shaking on a horizontal shaker.
After a 4-h coincubation, each hemizona was rinsed in fresh medium to dislodge loosely attached sperm, and the number of sperm tightly bound to the outer surface of the zona pellucida was determined. To insure equivalent rinsing of the hemizona, a micropipette with an inner diameter approximately 1.5 times the outer diameter of the hemizona (150-180 pLm) was prepared and used for each set of experiments. The hemizona index (HZI) was calculated as follows:
Number of caput, corpus or cauda epididymal sperm bound x 100 Number of electroejaculated sperm bound or Number of caput or corpus sperm bound x 100
Number of cauda sperm bound
Statistical Evaluations
Data were analyzed by Student's t-test or analysis of variance followed by Duncan's multiple range test; p < 0.05 was considered significant. All results are expressed as the mean SE.
RESULTS
Sperm Morphology
Sperm retrieved from each region of the epididymis and those retrieved via electroejaculation exhibited a comparable morphological pattern with the exception of the location of the cytoplasmic droplet. Morphologically, the head region of the sperm was oval, with the acrosomal region occupying approximately 60% of the head region. A distinct midpiece and tail region was noted.
The cytoplasmic droplet was first seen at the neck region (Fig. 1A) . It was most predominantly apparent in sperm microaspirated from the caput region of the epididymis; of these sperm, 97
1% had the cytoplasmic droplet present in the neck region. As sperm were obtained from more distal regions of the epididymis, the cytoplasmic droplet was observed in more distal regions of the midpiece (Fig.  1, B-D) . By the time sperm had reached the cauda region, the majority of sperm had either lost the cytoplasmic droplet (39 6%) or had the cytoplasmic droplet located at the junction between the distal midpiece and the proximal region of the flagellum (30 5%). Morphological assessments completed on sperm collected by swim-up procedure indicated a higher proportion of sperm with more distal cytoplasmic droplets than the original aspirates (Table 1) . In both the corpus and cauda regions, there was also a significant increase in the proportion of sperm with an absent cytoplasmic droplet after swim-up (p < 0.01 and p < 0.02). For cauda sperm, this increase of mature sperm was concomitant with a decrease of sperm with cytoplasmic droplets present in the midregion of the midpiece.
Sperm Motion Parameters
Sperm obtained from each region of the epididymis were assayed at 0 time, after a 1-h swim-up, and again at 4 h postswim-up; comparison was made between these sperm groups and electroejaculated sperm at the latter two time points. Sperm obtained from the caput region were nonmotile, and therefore computer-assisted motion analysis was not completed. A visual assessment of motility at the end of the swim-up procedure indicated that virtually all of the sperm retrieved from the caput region were nonmotile; these were categorized as twitching in place (37 8%) or without motion (63 8%). The corpus region did have a proportion of sperm for which movement was circular (10 3%). This characteristic was not noted for either cauda sperm or sperm collected via electroejaculation. For these two groups, the sperm movement noted was most often forward progressive.
There was no significant difference in the proportion of motile sperm retrieved from the corpus or cauda or via electroejaculation for any time point assessed as determined by computer-assisted motion analysis (Fig. 2A) . These results were comparable to those obtained by manual as- . No significant differences were observed in velocity of sperm retrieved from the corpus region compared to sperm from the cauda region at pre-swim-up (Fig. 2, B and C) . However, by the end of the 1-h swim-up procedure, both the curvilinear and straight line velocities were significantly lower in sperm obtained from the corpus region compared to either cauda sperm or ejaculated sperm (p = 0.008 and p = 0.009). By 4 h post-swim-up, this reduction was even greater for corpus sperm, which showed a 10-fold decrease in VCL and VSL. However, there was also a significant reduction in both velocities for cauda sperm compared to electroejaculated sperm (p = 0.05).
A difference in linearity was observed among the three groups only at 4 h post-swim-up (p = 0.07). At this time point, a significant reduction was noted for corpus sperm compared to electroejaculated sperm (p < 0.05) (Fig. 2D) .
No significant difference in amplitude of the lateral head (ALH) between the corpus and cauda sperm was observed in the initial samples (pre-swim-up) or among the three sperm groups (corpus, cauda, and ejaculated) after swimup (Fig. 2E) . At 4 h post-swim-up, all 3 groups showed a decrease in ALH, with the greatest decline in corpus sperm, a lesser decline in cauda sperm, and only a minimal decrease in electroejaculated sperm. A significant difference was noted only between corpus and ejaculated sperm (p < 0.05).
Sperm-Zona Pellucida Binding
In Figure 3A , the ability of sperm from each region of the epididymis of three monkeys to bind to homologous zona pellucida is compared to binding of ejaculated sperm. Negligible binding of caput sperm to hemizona was noted for each monkey; the average binding of caput sperm was 1.7 + 0.7/hemizona compared to an average binding of 20.5 + 2.9/hemizona for ejaculated sperm (bound to the other hemizona of the bissected pair) (n = 9; p = 0.002). There was no significant difference in binding for either corpus or cauda sperm when compared to that of ejaculated sperm, although for sperm from each of these two regions a slightly lower degree of binding was noted. Although agglutination is a concern in evaluation of cynomolgus monkey spermatozoa, an even distribution of spermatozoa over the outer surface of the hemizona was observed.
Similar results were observed for three additional monkeys when the experiments were repeated using cauda sperm in the control droplet for comparison (Fig. 3B) ing; therefore, the HZI results presented in Figure 3B are pooled from those obtained with and without vigorous shaking during the coincubation. No significant difference in zona binding existed between corpus and cauda sperm.
DISCUSSION
Ethical constraints and constraints on availability of normal organs, those obtained from healthy men of reproductive age, often preclude the study of epididymal function in the human. Instead, we must rely on information gleaned from pathological tissues of human subjects-tissues that are of questionable fertility or that manifest pathological or therapeutic interference [21] . Currently, a second source of knowledge regarding epididymal physiology may be tapped through the utilization of microsurgical techniques for the aspiration of epididymal sperm in conjunction with assisted reproductive technologies [22] . Reports from these procedures provide data casting doubt on the necessity of transit of human spermatozoa through the epididymis for acquisition of motility [23] , fertilizing potential [24] , and the capacity to produce viable offspring [25] . Achievement of pregnancies has occurred through use of spermatozoa obtained from the proximal caput region of the epididymis [10] and also from the vasa efferentia [26] . These results would provide evidence to suggest that not only is transit through the epididymis unnecessary, but that there also is no need for spermatozoa to reach the proximal region of the epididymis. Yet these techniques are clinically indicated for obstructive azoospermia or congenital absence of the vas deferens, situations in which the normalcy of the organ is again doubtful [27] .
Another option in the study of epididymal function lies with the use of selective animal models. In fact, since the mid-1960s with the work of Orgebin-Crist [2] and Bedford [1] , most information on this subject has been obtained from studies primarily of the rat, but also of a wide variety of other mammals [28] . Nonhuman primate models provide the opportunity to investigate basic areas of gamete primate physiology that may not be addressed in men [29] . Establishment of a similar model using cynomolgus monkeys would add to our understanding of primate epididymal function. Toward this objective, we sought elucidation of changes in sperm that occur during epididymal transport.
In the present study, the most notable morphological change that occurred for the monkey spermatozoa during epididymal transit was the movement of the cytoplasmic droplet. This movement and the eventual shedding of the cytoplasmic droplet have been consistently reported for mammalian species as well as snakes and birds [28] . This morphological characteristic may be an easily assessed parameter of sperm maturity, as has been previously suggested [30] . We chose to complete our morphological assessment with light microscopy, as have others [31] . However, in future studies, incorporation of evaluation through transmission electron microscopy could provide valuable information on the ultrastructural changes occurring in the acrosome and sperm membranes during epididymal transit [8] . More recently, loss of cytoplasm during sperm maturation has been correlated with another parameter, sperm creatine-N-phosphotransferase, though this is biochemical rather than morphological in nature [32] . In our study, selection of more mature sperm, as determined by the position of the cytoplasmic droplet, was possible when sperm were processed by a swim-up procedure. The possibility that the mini-Percoll methodology [25] may further enhance the selection of more mature cynomolgus spermatozoa is under consideration. Selection of more mature epididymal sperm is of particular interest in the human, since fertilization with immature sperm from the corpus region in the animal models has been reported by Orgebin-Crist to result in delayed cleavage and increased spontaneous abortion [33, 34] .
Cynomolgus monkey sperm microaspirated from the proximal caput region, although more than 95% viable (data not shown), were incapable of forward progression. Only as the monkey sperm were moved through to the corpus region was this forward movement observed. These results are in agreement with those reported for human sperm [35, 36] . However, full metabolic maturation for motion capabilities was not completed within the corpus region. A proportion of sperm collected there exhibited circular movement. The cause of this movement was a bend in the midpiece region, perhaps due to incomplete oxidation of sulfhydryl bonds that provide strengthening of the midpiece region [37] . Cauda sperm and those collected via electroejaculation did not exhibit this trait.
Poor duration of movement was the most noticeable motion characteristic observed for epididymal sperm, most especially for those from the corpus region, but to a lesser degree also for cauda sperm. However, this occurrence was not indicated by the percent motility at any of the time points evaluated. Yet differences in the proportion of motile sperm may be an important parameter, since it has been indicated that patients whose initial epididymal aspirates had a higher proportion of motile cells were more likely to succeed in in vitro fertilization in the human [23] . It is the more sophisticated parameters of velocity and lateral head displacement that often correlate with fertilizing capacity in the human [38, 39] . In our study, cynomolgus monkey sperm microaspirated from the more proximal regions had poorly maintained motion parameters. By the end of the 1-h swimup procedure, both straight line and curvilinear velocities had significantly decreased; by 4 h post-swim-up, all motion parameters except the percent motility had undergone a reduction. Changes in metabolic activity do occur during sperm transit, including increases in glycolytic and respiratory activity as well as changes in cAMP levels [40, 41] . Although these metabolic differences offer an explanation for the poor maintenance of motility in corpus sperm, the actual mechanism responsible for this decrement remains to be determined. It also remains to be established whether the longevity of epididymal sperm can be prolonged or supported by changes in medium or supplements. For example, the use of a mini-Percoll gradient has been reported for the processing of human epididymal sperm [25] . In fact, higher fertilization rates were observed from epididymal aspirates in samples in which the sperm population had a higher VCL, a higher mean angular displacement, and a greater change in lateral head displacement after processing with the mini-Percoll gradient [23] . Whether this sperm processing technique results in enhancement of motion parameters and increased longevity for corpus and cauda epididymal sperm in this monkey model is currently under investigation. The use of cyclic nucleotide mediators such as caffeine and dibutyl cAMP, indicated for enhancement of hyperactivated motility necessary for monkey in vitro fertilization [42] , may also be a potential option.
Poor binding to homologous zona pellucida has been reported for caput sperm from most, if not all, species studied [28] . Sperm retrieved from the caput region of the cynomolgus monkey act in a similar manner even with vigorous shaking of sperm and zona during the 4-h coincubation. McLaughlin and Shur [43] reported an enhancement of binding when caput mouse sperm were washed free of caput epididymal fluid. However, we cannot report a similar finding with monkey sperm. Therefore, zona drilling or other micromanipulation techniques may prove useful for bypassing the sperm-zona receptor-mediated events that are a part of the fertilization process [24, 44] .
There have been reports of variability in fertility as measured by fertilization rates after insemination of sperm obtained from the distal corpus region of the epididymis in the rabbit [45, 46] . It remains unclear whether these results were attributable, as suggested, to maturation of epididymal sperm at different rates or to variability in the level in the epididymis where sperm acquire fertilizing capacity. As evidenced by the standard error of the mean, interanimal variation was also evident for the degree of tight zona binding for both corpus and cauda sperm. When compared to that of ejaculated sperm, the HZI for corpus sperm varied from 0 to 284 while the HZI for cauda-derived sperm ranged from 14 to 167. However, this difference among primates was due to differences in binding for both epididymal and ejaculated sperm groups.
No significant difference was noted for the ability to bind tightly to zona pellucida among corpus, cauda, or electroejaculated sperm. This finding is interesting in light of the poorer motion parameters observed at both 1 h and 4 h post-swim-up. This decrease in motion characteristics could be detrimental for zona penetration rather than at the level of zona binding. Another avenue of interest currently being investigated is potential differences in the ability to penetrate homologous zona pellucida of spermatozoa obtained from different regions of the monkey epididymis and stimulated with both physiological and pharmacological agents. Similar studies involving acrosomal status and induction of the acrosome reaction will provide additional insights into the physiology of epididymal spermatozoa. However, the more precise studies of sperm function require assessment of fertilization in vitro using spermatozoa microaspirated from the regions of the epididymis.
In summary, cynomolgus monkey sperm obtained from epididymis had poorer longevity of motion than ejaculated sperm as assessed by computer-assisted motion analysis. Although not a deterrent to zona binding, this impairment in motion parameters may have an impact on the fertilization process. This primate model will provide an opportunity to address many concerns regarding in vitro gamete interaction between oocytes and microaspirated epididymal sper-matozoa, as well as a means to study methods for contraception or enhancement of fertilization.
